ABSTRACT Fusion of the branchial arch derivatives is a crucial event in the development of the craniofacial architecture. Here, we surveyed the gene expression profile, focusing on the fusion process of the mouse mandibular arch at embryonic day 10.5. In order to identify the genes that are relevant to the midline fusion process, we subdivided the mandibular arch medially and laterally, and determined gene expression using microarray and real-time quantitative PCR. By comparing the transcriptomes of the medial and lateral regions, 362 genes were identified as medial regionspecific genes, while 346 genes were designated lateral region-specific. Taken with Gene Ontology analysis, KEGG pathways and Ingenuity Pathway Analysis (IPA), a survey of the medial regionspecific gene dataset revealed significant expression of the insulin-like growth factor (Igf) family as well as other growth factor families (Hh, Wnt, Tgf-Bmp, Mapk-Fgf and Notch). To determine the discrete expression pattern of Igf family genes in the medial region, we microdissected the medial part of the mandibular arch into epithelial and mesenchymal components, and found that Igf1 was highly expressed in the mesenchyme, Igf2 and Igf1r were expressed in both the midline epithelium and surrounding mesenchyme, and Igfbp5 was highly expressed in the epithelium. Immunohistochemical findings validated the regional Igf gene expression profiles. Our observations suggest that in the "merging" fusion of the mandibular arch, the Igf cascade may contribute to generation of proliferation pressure from the mesenchyme and preservation of epithelial phenotypes and architecture during mesenchymal confluence.
Introduction
During mammalian craniofacial development, pairs of facial prominences emerge from branchial arches, grow toward and fuse with each other to form complex facial structures (Mina, 2001) . The first branchial arch subdivides into the maxillary and mandibular prominences, which give rise to the upper and the lower jaw, respectively (Chai and Maxson, 2006) . The volume of those prominences increases with the migration and proliferation of cranial neural crest (CNC) cells. Fusion of the prominences is essentially accomplished by remodeling of the covering epithelium that is involved in confluence of the mesenchyme (Chai and Maxson, 2006) . While the fusion process varies among the individual pairs of prominence (Osumi-Yamashita et al., 1997; Schilling, 1997) , secondary palatogenesis has been extensively studied (Greene and Pisano, 2010) . Prior to mesenchymal confluence of the secondary palatal shelves, which originate from the maxillary prominences, medial edge epithelial (MEE) cells in the palatal shelves are removed by multiple processes, such as apoptosis, migrating toward the oral/nasal surfaces, and epithelial-mesenchymal transformation (EMT) (Fitchett and Hay, 1989; Mori et al., 1994; Martinez-Alvarez et al., 2004) . On the other hand, in the primary palatogenesis, epithelial fusion between the lateral-nasal and maxillary prominences begins in a small area and pressure from growth in the apposed mesenchyme subsequently pushes out the intervening epithelium (Minkof, 1980; Bailey et al., 1988; Diewert and Wang, 1992) . This is also the case for the fusion of the mandibular prominences and the epithelial cells become incorporated within the oral epithelia that ultimately cover the mandible (Chai et al., 1997) . This sequence of fusion events was originally described as a 'merging' (Patten, 1961) . Since fusion of these branchial arch derivatives is a crucial event in the development of the craniofacial architecture, failure in this fusion causes congenital craniofacial anomalies such as cleft lip/palate and medial cleft of the mandible (Almeida et al., 2002; Meng et al., 2009) .
In the developing maxillary/mandibular prominences, the embryonic cell lineages of both CNC cell-derived and mesodermalderived mesenchymal cells and the covering epithelial cells secrete pattern-determining molecules that affect one another, thereby setting up reciprocal signaling networks (Cobourne and Sharpe, 2003) . Recent investigations have employed microarray analysis to unravel the complex gene expression patterns of the developing prominences in human (Cai et al., 2005) , mouse (Bhattacherjee et al., 2007; Feng et al., 2009), and chicken (Buchtova et al., 2010) . The comparative gene expression profiling in these studies not only characterized the individual prominences (Handrigan et al., 2007) , but also established the region-specific gene expression that regulates the patterning of developing prominences, e.g., proximal/ distal gene expression in endothelin-A receptor signaling in mice and zebrafish (Clouthier et al., 2010; Vieux-Rochas et al., 2010) . Since precisely compartmentalized molecular networks in the mandibular prominence give rise to multiple region-specific organs such as the tooth germ, tongue primordium, bone, and cartilage, the gene regulation of these particular events has received much attention (Mina, 2001; Stottman et al., 2001; Mina et al., 2002; Jeong et al., 2004; Tucker and Sharpe, 2004) . Despite ample in- formation on the regional differences in gene expression patterns in mandibular development, the molecular signaling networks operating at the midline epithelium of the 'merging' mandibular arch remain largely unknown.
In this study, we sought to characterize regional gene expression patterns in the mouse mandibular arch at embryonic day 10.5 (E10.5), where the fusion of the mandibular prominences takes place. In this embryonic stage, many signaling molecules are exploited for multiple organogenesis, and key factors on the mandibular fusion are likely buried in complex signaling networks. To address this issue, we conducted a microarray-based analysis of the medial (M) and lateral (L) regions of the mandibular arch. We then physically subdivided the medial region into epithelial and mesenchymal components using laser-capture microdissection and performed real-time quantitative PCR (qPCR) gene expression analysis. Comparison of the regional gene expression profiles obtained, together with immunohistochemical validation, revealed that insulin-like growth factor (Igf) family molecules, namely Igf1, Igf2, Igf1r and Igfbp5(insulin-like growth factor binding protein 5), are involved in mandibular fusion.
Results

Transcriptome of the mouse mandibular arch at E10.5
Comparison of the gene expression profiles from the M and L regions revealed that 1,868 genes showed significant differences in expression between these regions (p<0.05) (Fig. 1A and Supplementary Fig. S1A ). Based on flag parameters (detection calls that provide the status of each hybridization signal), we designated B A 1,283 genes as 'Present' genes and 585 genes as 'Absent' genes. By employing a threshold line of >1.5-fold difference in expression between the two regions, we identified 708 region-specific genes: 362 that were more highly expressed in the M region (M>L) and, therefore, designated 'M region-specific' genes; and 346 that were more highly expressed in the L region (M<L), designated 'L region-specific' genes. The remaining 575 genes were categorized as constitutively expressed, or 'Constitutive', genes.
The microarray data were also validated by collation with expression profiles from the Mouse Genome Informatics (MGI) gene expression database (Supplementary Table S1 ). It is noteworthy that region-specific genes such as Bmp4 and Wnt5a were predominantly expressed in the M region, while Dlx family genes were expressed in the L region. The expression of two representative epithelial-specific genes, Bmp4 and Fgf8 for the M and L region, respectively, were validated by qPCR; and their downstream genes (e.g., Msx2 in the M region and Barx1 in the L region) were also evident ( Supplementary Fig. S1B ).
Developmental events and signaling networks in the medial region
To further classify these region-specific genes we conducted a gene ontology (GO) analysis. In total, 330 and 174 GO terms on "biological processes" were obtained for the M and L region, respectively. We further selected terms significant at p<0.001 and categorized them in Table 1 (See Supplementary Table S2 for the complete list); 20 terms common to both regions included basic developmental events related to the vasculature, neurons, and the skeletal system; 65 M region-specific terms were mainly associated with the morphogenesis of various organs and cell proliferation, adhesion, and motility; and 31 L region-specific terms were related to embryonic pattern specification and mesenchymal and skeletal morphogenesis. 
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GENE ONTOLOGY (GO) ANALYSIS OF THE MEDIAL (M) AND LATERAL (L) REGIONS OF THE MANDIBULAR ARCH AT E10.5
The M region-specific GO terms relevant to cell proliferation and adhesion were confirmed by immunohistochemistry (Fig. 1B) . At E10.5, Ki-67-positive nuclei, indicative of proliferating cells, were enriched in the mesenchyme in the M region, and, to a lesser extent, in the L region of the mandibular arch. The Ki-67 signal was almost entirely absent from the covering epithelial layer. Conversely, immunodetection of single-stranded DNA (ssDNA) for apoptotic nuclei revealed that a very few ssDNA-positive nuclei were present in the midline epithelium close to the oral epithelium, while an area enriched with ssDNA-positive nuclei was rather obvious in the L region. Immunostaining with laminin and E-cadherin antibodies also verified the integrity of basement membrane and the adhesion and polarity of epithelial cells in the M region.
By expanding our investigation to KEGG (Kyoto-Encyclopedia of Genes and Genomes) pathways, we found the involvement of the transforming growth factor-beta (Tgfb), hedgehog (Hh), calcium, and p53 signaling pathways in the M region (Supplementary Table  S3 ). Table 2 shows a list of genes which encode growth factors and genes relevant to those signaling pathways that have a major role in development (Hh, Wnt, Tgf-Bmp, Mapk-Fgf, and Notch). Most of the genes belonged to those pathways were M-region-specific genes. In addition, within the growth factor categories, genes in the Igf and Tgf families were highly expressed in the M region, whereas most of other family genes such as Egf and Fgf were not evident as they were 'Constitutive' or 'Absent' (Table 2) . On the basis of the region-specific gene expression data, Ingenuity Pathway Analysis (IPA) provided prediction with the highest Z-score that Igf1 and downstream gene networks are activated in the M region (Table 3) . It is also pertinent that Igfbp5 was assigned as a downstream target of Igf1, Shh, and Epas1, which correspond to 3 top-ranking genes in IPA prediction.
Gene expression and localization of Igf family molecules in the medial region
With regard to the enriched expression of Igf genes in the M region, Igf signaling might be a potent regulatory pathway in the processes involved in mandibular fusion. To find supportive evidence for this notion, we physically subdivided the M region into the M1 (midline) and M2 (lateral end) regions by laser-capture microdissection and performed qPCR analysis ( Fig. 2A) . As a result, it was found that Igf1, Igf2, and Igfbp5 showed significant expression in the M1 region (p<0.01 for Igf2; p<0.05 for Igf1 and Igfbp5). In contrast, Tgfb2 and Wnt5a, which were also assigned as M region-specific genes (Table 2) , were detected in nearly the same quantities in both the M1 and M2 regions ( Fig. 2A) .
To more precisely assess the expression of Igf family genes, we further subdivided the M1 region into the epithelial (M1-epi) and mesenchymal (M1-mes) regions (Fig. 2B ). The few layers of mesenchymal cells immediately underneath the epithelium were not included so as to avoid possible contamination of transcripts within the mesenchyme samples into the M1-epi. Based on qPCR analysis, it was found that Igf1 was highly expressed in the M1-mes region (p<0.01), Igf2 was highly expressed in both the M1-epi and M1-mes regions but at a higher level in the former region (p<0.05), and receptor genes Igf1r and Igf2r were expressed in both regions. Notably, Igfbp5 was highly expressed in the M1-epi region (p<0.01). Immunohistochemical analysis validated the discrete localization of Igf family molecules in mandibular arch (Fig. 3) . Igf1 signals were detected almost exclusively in the mesenchyme from pre-fusion (E9.7) through post-fusion (E11.5) stages. In contrast, Igf2 signals were distributed in both the epithelium and mesenchyme in the fusing mandibular arch at E9.7 and E10.5. Notably, after completion of mandibular fusion at E11.5, Igf2 signals were not detectable in the oral epithelium covering the mandibular arch, although the signals still remained abundant in the mesenchymal region underneath the epithelium. Igf1r signals were a few in both the epithelium and mesenchyme, consistent with the lower expression levels in the M1-epi and M1-mes by qPCR.
Fig. 2. Detailed expression of insulin-like growth factor (Igf) molecules in the mandibular arch. (A) M region is divided into the M1 and M2 regions by laser-capture microdissection (LMD). Transcripts for
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Most intriguingly, the signal-intensity in the epithelium increased markedly at the contact region between bilateral mandibular epithelia and remained discernible in the merging midline epithelium at E10.5, although a very few signals were barely detected in both the oral epithelium and underlying mesenchyme at E11.5. In the case of Igfbp5, the signals were more prominent in the epithelial region and sparsely distributed in the mesenchyme at all fusion stages. Remarkably, Igfbp5 signals were concentrated in a droplet-like epithelial end formed after adherence of the bilateral epithelia at E10.5. As shown in Fig. 1B , this Igfbp5-rich epithelial region was characterized by segregation from the mesenchyme with the intact laminin-positive basement membrane, E-cadherinpositive phenotype, and a lack of proliferation activity. In relation to the discrete mechanisms postulated for mandibular fusion and secondary palatogenesis, it is pertinent to address that Igfbp5 was not detected in the disintegrating MEE cells of secondary palate (Supplementary Fig. S2 ).
Discussion
The present microarray results of the M and L regions support the concept of compartmentalized gene expression in the mandibular arch. Previous studies have documented the involvement of various signaling cascades (e.g., the Hh, Wnt, Tgf-Bmp, Mapk-Fgf, and Notch pathways) in multiple organogenesis during mandibular development (Mina, 2001; Stottman et al., 2001; Mina et al., 2002; Jeong et al., 2004; Chai and Maxson, 2006) . It is important to note that although the number of differentially expressed genes was comparable between the M and L regions (362 and 346 genes, respectively), most of the growth factors and related genes were highly expressed in the M region at the fusion stage (Table 2) . Among various signaling cascades classified into the M region-specific categories, the results of IPA prediction supported the activation of Igf1 signaling cascade in the M region. The strong expression of Igf1 as well as Igf2 in the M region (Table 2) is consistent with the theory that the Igf signaling system has profound effects on embryonic growth and differentiation .
The present microarray, qPCR, and immunohistochemical findings provided compelling evidence that Igf signaling is involved in the process of "merging" mandibular fusion. Prominent Igf1 gene expression in the M1-mes region (Fig. 2B ) and abundant Igf1 protein signals in the M-region mesenchyme (Fig. 3) are consistent with high proliferation activity in the M-region mesenchyme at E10.5. It is also interesting that mandibular epithelial cells lacking Igf1 signaling showed no proliferation activity. In contrast to the segregated Igf1 localization, Igf2 and Igf1r were distributed in both the midline epithelium and surrounding mesenchyme. Particularly, concurrent localization of strong Igf2 and Igf1r signals at the epithelial contact region (Fig. 3, E10 .5) further support involvement
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REGION-SPECIFIC GENE EXPRESSION IN THE MEDIAL (M) AND LATERAL (L) REGIONS
Genes belonging to major signaling pathways during development [Hedgehog (HH), Wnt, Tgf-Bmp, Mapk-Fgf, and Notch pathways] and growth factors are listed based on the KEGG PATHWAY analysis (p<0.05). The ratio of differentially expressed genes to total number of genes in each family is indicated in parentheses. FC, fold change.
Abbreviations: IGF, insulin-like growth factor; TGF, transforming growth factor; PDGF, platelet-derived growth factor; CTGF, connective tissue growth factor; EGF, epidermal growth factor; FGF, fibroblast growth factor; VEGF, vascular endothelial growth factor; BDNF, brain-derived neurotrophic factor; CSF, colony stimulating factor; HGF, hepatocyte growth factor; NGF, nerve growth factor; PGF, placental growth factor; EPO, erythropoietin; TPO, thrombopoietin.
Upstream gene Molecule Type
Predicted activation (z-score)
Target molecules in dataset (p-value of overlap)
Igf1 growth factor Activated (2.98) Bmp4, Epas1, Foxa1, Gap43, Ghr, Id2, Igf1, Igf2, Igfbp5, Shh peptidase Activated (2.72) Angpt1, Bmp4, Foxf1, Hand2, Igf1, Igf2, Igfbp5, Pitx2, Pmp22, Epas1 transcription regulator Activated (2.56) Akap12, Egln3, Fhl1, Gadd45b, Gja1, Igfbp5, L1cam, Loxl2, Mmp14, Cd38 enzyme Activated (2.20) Atp1b1, Egln3, Gadd45g, Lmo7, Ncam1, Obfc2a, Ppargc1a, Ppp3ca, Rbpms, Bmp4 growth factor Activated (2.10) Bmp4, Fgfr2, Foxf1, Id2, L1cam, Msx1, Msx2, Ncam1, Pitx2, Sox2 transcription regulator
Inhibited Fst, Gja1, Id2, Igf1, Isl1, Msx2, Pitx2, Plac1, TABLE 3
IPA PREDICTION OF UPSTREAM REGULATORS OF MEDIAL REGION-SPECIFIC GENE EXPRESSION
The medial (M) region-specific gene expression data was used for upstream regulator analysis by Ingenuity Pathway Analysis (IPA) to depict possible activated molecules in the M region in the mouse mandibular arch at E10.5. Candidate genes with corresponding target genes obtained are listed in order of regulation z-score values.
of Igf2-Igf1r cascade in mandibular fusion. We here do not intend to conclude that the Igf signaling may well be a central player in mandibular fusion, because it was documented that mice lacking Igf family genes (Igf1
) resulted in delayed skeletal development without failure in fusion of facial prominences Rizos et al., 2001) . The lack of substantial phenotypic defects at craniofacial fusion sites in Igf-family deficient mice suggests possible functional compensation by the complex signaling networks operating in the compartmentalized embryonic environment. In a recent study on Twisted gastrulation (Twsg1) mutant mice, where Twsg1 is a modulator of Bmp signaling, transcriptome analysis revealed diminished Igf2 expression in the mutant mice (Billington et al., 2011) . Interestingly, the documented phenotypes include premature fusion of mandibular arch, rather failure in fusion, due to induction of apoptosis in the distal region of the first branchial arch.
It is well known that the diverse biological functions of Igf signaling system are regulated by a variety of Igf-binding proteins (Hwa et al., 1999; Pollak, 2008) . The present microarray-analysis findings showed that at E10.5, Igfbp1 and Igfbp6 were not expressed in the mouse mandibular arch, Igfbp2 and Igfbp4 were constitutively expressed in both M and L regions, and Igfbp3 was differentially expressed in the L region (Table 2) . Although Igfbp5 as well as Igfbp7 (also known as Mac25 or Igfbp-related protein 1) (Hwa et al., 1999) showed M region-specific expression in our microarray data (Table 2) , qPCR analysis revealed that Igfbp5 was expressed at the highest level in the medial epithelium of the mandibular arch (Fig. 2B) . The expression of Igfbp5 has been demonstrated in the mouse branchial arch epithelia at E10.5 and in the craniofacial mesenchyme at later stages by in situ hybridization (Bobola and Engist, 2008) , but the specific role(s) of Igfbp5 in mandibular fusion remains elusive. Igfbp5 has been supposed to exert diverse effects in a context-dependent manner, such as a negative regulator of craniofacial skeletal development (Bobola and Engist, 2008), a promoter or blocker of myoblast differentiation (Ren et al., 2008; Mukherjee et al., 2008) , and an inducer or inhibitor of cell proliferation, apoptosis and EMT (Flint et al., 2000; Allan et al., 2008) . Our immunohistochemical findings revealed that Igfbp5 protein was concentrated in the droplet-shaped epithelial end (Fig. 3) , where epithelial cells of the bilateral mandibular prominences started to realign without cell division or massive apoptosis (Fig.  1B) . This Igfbp5-rich epithelial region was characterized by E-cadherinpositive phenotype and segregation from the mesenchyme with the intact basement membrane, both of which are indicative of the epithelial integrity without EMT. Our microarray data also showed that the EMT-inducible transcription factor Snai1 and the Rho family (Rhoa, Rac1, and Cdc42) were either constitutive or L region-specific (data not shown). Taken with the report that knockout mice lacking Igfbp5 expression grow without defects in the orofacial architecture (Ning et al., 2006) , we speculate that Igfbp5 localized in the mandibular epithelium may contribute to modulation in fine-tune of the epithelial integrity before the midline epithelium becomes ultimately incorporated within the oral epithelia covering the mandible (Chai, 1997) . In connection with the epithelium-dominant Igfbp5 expression, the present IPA results indicated that Igfbp5 is a downstream target of Shh expressed exclusively in the M1-epi (Fig. 2B) .
In summary, we surveyed gene expression in the mouse mandibular arch at E10.5, when fusion of the apposing mandibular prominences took place. Comparative transcriptome analysis between the M and L-regions of the arch demonstrated that Igf family, as well as the well-documented Hh, Tgf-Bmp, Wnt, and Mapk signaling molecules, are primarily expressed in the M-region. The immunohistochemical findings, together with IPA results, indicated that Igf1 cascade is activated mainly in the medial mesenchymal region, while Igf2, Igf1r and Igfbp5 are likely involved in regulation of the intra-epithelial events during mesenchymal confluence. It remains as a central theme to elucidate cross-talks between Igf and other signaling cascades, such as Shh and Igf connection in the epithelial compartment as predicted by IPA. We at present continue to investigate discrete functional effects of Igf and Tgfbeta families on mandibular fusion and secondary palatogenesis.
Materials and Methods
